Background: Asthma is the most common chronic disease in children. Underlying
| BACKG ROU N D
Asthma is a complex chronic pulmonary disease with the following main pathogenic properties: airway hyper-responsiveness and wheezing, airway remodeling, and inflammation. The global prevalence of this most common chronic childhood disease has been increasing over decades, particularly in countries with Western lifestyle. [1] [2] [3] The multidimensional interaction of genetic predisposition and environmental factors can lead to asthma onset already in childhood. 4 Asthma can be clinically divided into two main phenotypes: allergic asthma (AA) with presentation of allergic symptoms and specific sensitization to common allergens, and nonallergic asthma (NA) without allergy. 5 Underlying immune regulation within and between these two phenotypes has only been partly discovered. Whereas AA and NA were shown to have increased regulatory T-cell (Treg) numbers compared to healthy controls (HC), only Tregs from patients with AA were able to suppress T-cell proliferation and cytokine production sufficiently. Further, children with NA showed a Th17-shifted pro-inflammatory immune status. 6 The common symptoms of AA and NA such as wheezing and increased airway hyper-responsiveness and pulmonary obstruction point to shared immunologic pathways besides the known Th2 shift.
Yet, distinct characteristics such as allergic sensitization indicate also differential regulation between these two main phenotypes. To investigate the differences between asthmatics and healthy children as well as AA and NA with respect to underlying immunologic pathways, we analyzed gene expression patterns of a well-characterized childhood asthma cohort using microarray technology. We aimed to identify novel and shared pathways and genes between AA and NA and compared to HC as potential future markers for allergic and nonallergic childhood asthma in peripheral blood mononuclear cells (PBMCs) extending our prior findings on Tregs and Th17. 6 Furthermore, identification of novel phenotype-specific targets may contribute in the long term to develop novel therapeutic options for specific asthma phenotypes.
| ME THODS

| Study population
The study population comprised 4-to 15-year-old steroid-naïve mild to moderate AA (n = 35), NA (n = 13), and HC (n = 34), being a subset of the CLARA study (n = 275), Germany, based on sample availability and characteristics comparable to the whole population (as shown in, 6 Figure S1).
Asthmatic children were carefully characterized by clinical examination, pulmonary function test, FeNO, chest radiograph, full blood count, and measurement of total and specific IgE (Allergy Screen ® , Mediwiss Analytic GmbH; Data S1), and defined according to GINA guidelines. 7 Inclusion criteria for AA/NA were as follows: classical asthma symptoms and/or doctor's diagnosis of asthma and/or history of asthma medication and a lung function indicating significant reversible airflow obstruction. The classification in allergic and nonallergic asthma was based on positive (spec.
IgE ≥ 0.35 IU/mL) or negative specific allergic sensitization, in accordance with clinical symptoms. For inclusion, asthmatic children had to be steroid-naïve, without intake of steroids (also inhaled steroids) for at least 14 days. HC had no allergies or chronic diseases, were in the same age range, and showed similar sex distribution.
Exclusion criteria for HC were clinical symptoms of allergy or positive specific IgE, even without occurrence of wheeze, cough, shortness of breath, and normal lung function. Generally excluded were children with current infections, assessed by CrP and IL-6 levels in addition to clinical examination and temperature measurement. 6 Informed oral and written consent was obtained from the parents for participation and blood collection. Approval was obtained from the local ethics board, LMU Munich, Munich, Germany.
| Culture of PBMCs, RNA isolation, microarrays, quantitative real-time qPCR, and cytokine measurement
Peripheral blood mononuclear cells were isolated within 24 hours after blood withdrawal and cultivated for 48 hours without stimulation, stimulated with plate-bound anti-CD3 (3 μg/mL) plus soluble anti-CD28 (1 μg/ mL) for T-cell stimulation or lipid A (LpA, 0.1 μg/mL) for innate immune stimulation at 37°C at a density of 5 × 10 6 cells/mL in X-Vivo (Lonza Walkersville, Inc., Walkersville, Maryland, USA).
RNA was isolated using RNeasy Mini Kit (Qiagen, Hilden, Germany). RNA quality and quantity for microarray analysis was determined with Agilent Bioanalyzer chips (Bio-Rad Laboratories, Hercules, CA, USA).
Total RNA was labeled and hybridized to Affymetrix GeneChip ® Human Gene 1.0 ST arrays according to the manufacturer's instructions as described before. 6 The scanned arrays (n = 108 arrays in 14 AA, 8 NA, and 14 HC) were checked for quality control by MvA, density, and RNA degradation plots. Computational analyses were performed using R. 8 Background correction and normalization was performed by RMA normalization. 9 Data were deposited in NCBI's Gene Expression Omnibus (GEO accession number GSE40889).
Gene-specific PCR products were measured in n (AA/NA/ HC) = (21/13/20) children by CFX96 TouchTM Real-time-PCR Detection System (Bio-Rad, Munich, Germany) for 40 cycles. The difference in CT values relative to 18S was used in the calculation of deltaCT (∆CT); a higher ∆CT-value refers to lower gene expression.
IFN-γ, IL-5, IL-10, and IL-17 cytokine secretion was analyzed in supernatants by LUMINEX according to the manufacturer's instructions (Bio-Rad). The lowest value measured was 0.58 pg/mL for IFN-γ, 0.03 pg/mL for IL-5, 0.41 pg/mL for IL-10, and 0.02 pg/ mL for IL-17.
| Statistical analysis
Differences in phenotypes and/or subpopulations were assessed with Wilcoxon test for continuous variables and Fisher test for categorical variables, respectively. 
| Pathway analysis by GlobalAncova
| Cytokine secretion
Cytokine secretion below the detection limit was set to 0.01 pg/mL and assessed for phenotype differences by pairwise t tests following log2-transformation to ensure normality. Relation to gene expression is given by Spearman correlation.
| RE SULTS
| Representative subsample selection
In this study, a subgroup of AA and/or NA compared to HC, largely comparable to the whole CLARA study as shown before, 6 was assessed for differential immune regulation based on sample availability ( Figure S1 ). This group was used for identification of novel pathways (microarray, Table 1 ) and confirmation by RT-PCR as gold standard (Table S1 ). The study characteristics showed significantly increased eosinophils, IgE, and FeNO in AA compared to NA, and trendwise increased neutrophils were detected in NA as shown before. 6 Both AA and NA had significantly decreased lung function compared to HC (indicated by higher bronchodilator response or lower z-scores for FEV1, respectively). The groups were comparable in terms of age, sex, maternal asthma, maternal eczema, parental asthma, eczema and hay fever, smoking at home, and siblings but not maternal hay fever. Of note, in the group of CLARA children with analyzed qPCR data, mothers of NA had no hay fever (Table S1 ).
| Calcium and innate immune pathwayassociated genes ranked top
There were n = 21 465 annotated probes on the array. Analysis of n = 36 children with 108 arrays ( Figure S1) Figure S2 ) and was not detectable for expression analyzed as ∆CT. Regulatory pathways were assessed for differential expression between phenotypes via global tests providing a single P-value for each set of genes (P-values below 0.05 in bold). Analysis was conducted stratified for stimulation on the microarray data (n = 14/8/14 for AA/NA/HC). Grouping of genes was according to KEGG, annotated pathways from the Kyoto Encyclopedia of Genes and Genomes. T-cell groups, characteristic genes for the respective T-cell subset.
TA B L E 1 Regulation of KEGG pathways and T-cell group characteristic genes
Comp, complement and coagulation cascades; Cyto-cyto, cytokine-cytokine receptor interaction; MAPK, mitogen-activated protein kinase signaling pathway; NK cyto, natural killer cell-mediated cytotoxicity; TCR, T-cell receptor signaling; TGF-β, transforming growth factor beta signaling pathway; TLR, toll-like receptor signaling pathway.
| Increased expression for both Ca and innate immunity-associated genes following stimulation in asthma phenotypes
Following anti-CD3/28 stimulation, expression of calcium signaling genes ITPR2, SPOCK2, and STIM2 showed a stronger increase in NA vs HC, compared to the unstimulated level (fold change). For AA, ATP2A3 fold change was higher as compared to NA ( Figure S2 ). In summary, gene expression was strongly inducible by anti-CD3/CD28 and LpA stimulation in innate immunity genes.
| Gene networks
Gene networks were built on correlation of gene expressions separately for all n = 54 subjects ( RT-qPCR (RNA form PBMCs cultivated for 48 hours) data were assessed for differential expression between phenotypes stratified for stimulation using two-sample t tests within the linear regression framework and were adjusted for age and sex. Included in the table are comparisons with an unadjusted P-value below 0.05. ↑ reflects increased expression in the noted group, ↓ decreased expression, and -reflects unchanged expression in the noted group in stimulated compared to unstimulated cells. M reflects unstimulated cells, anti-CD3/28 stimulation, and LpA lipid A stimulation, respectively. One example: ↑ NA, -HC in context of NA > HC stands for a positive stimulation effect in NA, which is significantly higher than the effect in HC, where the latter itself is not significantly different from the basal, unstimulated expression level.
through LpA stimulation for genes contained in the subnetwork.
Another prominent role within the network had FPR2, building a cluster for all three stimulation conditions (top right in Figure 2A ) For NA, the correlation of differentially expressed genes was less prominent as compared to the pattern in AA, that is, affected genes were distributed over the whole network ( Figure 2D , large circles). Strong coregulation was identified after LpA stimulation for LY75, CLEC4E, ITPR2, and STIM2, which did not differ in their expression level from other phenotypes ( Figure 2D , left part). After anti-CD3/CD28 stimulation, STIM2 and FPR2 were placed far out at the edges, indicating no or negative correlation to the majority of the other genes (right, in red) and strong negative correlation F I G U R E 1 Differential gene expression of asthma phenotypes. RT-qPCR (PBMCs cultivated for 48 h) data were assessed for differential expression between phenotypes stratified for stimulation using two-sample t tests within the linear regression framework and were adjusted for age and sex (n = 21/13/20 for AA/NA/HC). Results were shown by mean difference in ∆CT with 95% confidence interval. Significantly different comparisons (P < 0.05) were marked with asterisks (*) below. For both confidence intervals and asterisks, color indicates stimulation (red for anti-CD3/28; green for LpA, and blue for unstimulated). Negative values on y-axis (above zero-line) reflect a higher gene expression of the phenotype named in the upper line (x-axis) and vice versa 
| Correlation of TLR7 and IL-17 cytokine secretion
Within individuals with RT-PCR data (n = 54), cytokine secretion was available for n = 50 (20 AA, 10 NA, 20 HC).
For IL-17 following stimulation with LpA, AA and NA showed higher cytokine secretion compared to HC (P = 0.047 AA; P = 0.015 NA).
Again, following LpA stimulation, IL-5 showed higher secretion levels in AA (P = 0.016) and NA (P = 0.002) compared to HC and in NA for IL-10 (P = 0.004), as previously reported for the whole cohort. 6 There were no phenotype differences between unstimulated and following anti-CD3/CD328 stimulation detectable. Of note, for IFN-γ, IL-5, and IL-10, no significant differences between phenotypes in parallel to relevant correlations of cytokine and gene expression were detected.
A significant positive rank correlation of TLR7 gene expression and IL-17 secretion was detected after LpA stimulation over pooled phenotypes (n = 50, cor=0.34, P = 0.017), and in particular within AA (n = 20, cor = 0.53, P = 0.016) ( Figure 2E ), but not within HC.
| D ISCUSS I ON
Asthma is the most common chronic disease in children worldwide.
The identification of specific biomarkers for AA and NA during disease manifestation can not only offer the opportunity for distinct clinical characterization, but also provide the chance for future prediction of the disease course based on biomarkers. Finally, identification of novel biomarkers can lead to novel targets for more specific endotype-based therapy in the long run. Importantly, in adults, different asthma phenotypes were already associated with distinct responses to treatment. 12 In the present study, in children, we aimed to identify genes and molecular networks characterizing steroidnaive AA and NA by using transcriptomics and confirmation by RT-PCR.
In a microarray-based screening of unstimulated and stimulated PBMCs of children with different phenotypes (HC, AA, and NA), the calcium signaling pathway and innate immunity-associated pathways turned out to be regulated significantly different between the phenotypes. For more in-depth analysis of these pathways, we performed specific gene expression analysis using RT-PCR and identified two calcium-associated genes, namely ATP2A3 (sarco endoplasmatic reticulum Ca 2+ ATPase 3)
and ORMDL3 (orosomucoid-1 like 3), as well as TLR7 (toll-like receptor 7) and LY75 (lymphocyte antigen 75, associated with inflammation) both being increased in asthmatic children independent of their allergic status.
Furthermore, the Ca 2+ signaling-associated gene ATP2A3 and the innate immunity genes CLEC4E, IFIH1, and FPR2 were significantly different upon stimulation (fold change) between NA and AA.
Identification of differently expressed genes is one step forward in identifying asthma phenotypes by screening tests.
| Increased expression of the calcium signaling genes ORMDL3 and ATP2A3 in childhood asthma
Since the discovery of the relevance of ORMDL3 SNPs for childhood asthma, [13] [14] [15] [16] the Ca 2+ signaling pathway has been studied in more depth. In this study, the calcium-associated genes ATP2A3/SERCA3
and ORMDL3 were upregulated in asthmatic children compared to HC, independent of their allergic status. This points to an allergyindependent upregulation of these two Ca 2+ signaling genes in asthmatic children. Of note, apart from ATP2A3 and ORMDL3, no other analyzed Ca 2+ pathway-associated gene was significantly upregulated in NA, and no difference was identified between AA and NA, regarding the absolute level of gene expression.
Our correlation-based network analysis showed an independent regulation of ATP2A3 and ORMDL3 as they were less cor- , a cellular stress signal, followed by increased expression of ORMDL. It triggers inflammation through activation of NF-kB and c-Jun N-terminal kinase (JNK) and leads therefore to inflammatory processes. 19, 20 In our study, ORMDL3, which inhibits SERCA, and the SERCA encoding gene ATP2A3 were both upregulated in PBMCs from asthmatics. The upregulation of ATP2A3 could be a counter-regulation to overcome ORMDL3 overexpression in order to reduce cellular stress and inflammatory signaling in asthma patients.
The additional upregulation of ORAI1, S100A9, SPOCK2, and STIM1 in AA, besides ORMDL3 and ATP2A3, points to a more prominent Ca 2+ signal dysregulation in AA than in NA. Allergy might trigger the Ca 2+ signaling-associated dysregulation in addition to asthma.
| Upregulation of TLR7 and LY75 expression as shared pattern in asthma independent of allergy
As calcium signaling is strongly associated with innate immunity,
we assessed whether genes of innate immune regulation were upregulated in a similar fashion. Indeed, LY75 and TLR7 expression was upregulated in asthmatic children independent of their allergic status. Although TLR7 and TLR8 are both endosomal receptors for virus RNA, they were independently regulated in our cohort. The expression of the TLR7 gene, whose protein detects ssRNA, was strongly upregulated in asthmatic children (AA and NA). In conclusion, we identified increased ATP2A3, ORMDL3, TLR7, and LY75 in asthmatic children independent of allergy, while ATP2A3
and FPR2 were increased in AA and CLEC4E decreased in AA following stimulation, all significantly different between NA and AA.
The strength of this study is the transcriptomic analysis with confirmatory analysis by RT-PCR in a representative subgroup of the well-defined CLARA asthma children cohort with clear inclusion and exclusion criteria. All asthmatic children are steroid-naive, which
gives us the opportunity to analyze immune regulatory pathways without influence of different medications. Of note, due to analysis of PBMCs, interpretation regarding the source of distinct cell populations is not feasible.
We are limited in our case numbers regarding nonallergic asthmatics as they present a minority of asthma patients in childhood and due to material availability we could not perform Western blots.
In summary, this study characterizes asthmatic children by differentially expressed genes and NA vs AA by different expression of the Ca 2+ pathway and innate immunity receptors upon stimulation. This study thus represents an important step forward to an endotypic characterization of different asthma phenotypes in children, potentially relevant for development of noninvasive, easy to use diagnostic tools for the future. Current asthma medication in childhood, including corticosteroids, short-and long-acting beta-2 adrenergic agonists, already targets Ca 2+ signaling-associated processes, however, with only partial success. Thus, future functional studies on Ca 2+ regulation in both asthma phenotypes, before and following Ca 2+ pathway regulating treatments, may contribute to disentangle specific groups of children, which may profit from distinct treatment regimens. The characterization of innate immunity receptor profiles in asthma patients could be an additional step forward to better understand responses to different viral triggers for both allergic and nonallergic asthmatic children.
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